Abstract. We introduce data musicalization as a novel approach to aid analysis and understanding of sleep measurement data. Data musicalization is the process of automatically composing novel music, with given data used to guide the process. We present Sleep Musicalization, a methodology that reads a signal from state-of-the-art mattress sensor, uses highly non-trivial data analysis methods to measure sleep from the signal, and then composes music from the measurements. As a result, Sleep Musicalization produces music that reflects the user's sleep during a night and complements visualizations of sleep measurements. The ultimate goal is to help users improve their sleep and well-being. For practical use and later evaluation of the methodology, we have built a public web service at http://sleepmusicalization.net for users of the sleep sensors.
Introduction
Understanding data is a central goal of statistics and data mining. Numerical or textual representations can convey very exact results of data analysis, but they are not always the most convenient form for the consumer of the results. Different charts, and data visualization in more general, have proven to be a powerful way of illustrating general properties, distributions, trends and patterns in data, even if details may be missed. But how to represent data analysis results so that they give the user a deeper feeling of the data, perhaps even an emotional one?
In this paper, we consider sleep analysis as a data analysis problem, and propose a novel data analytical approach for it: data musicalization. We define data musicalization as the process of automatically composing music from given data, with the goal of perceptualizing it. Figuratively speaking, the data is used to inspire a composition algorithm that produces a novel piece of music. This is in contrast to classical data sonification where data is just mapped to sounds with little if any intention to generate music, and typically with no control at all over the musicality of the result.
Measuring and tracking one's sleep over extended periods of time can help improve sleep and well-being. Sleep analysis methods were previously developed for clinical use to help patients with sleep disorders. State-of-the-art sensor technology now allows unobtrusive sleep analysis at home, with two implications for data analysis. First, deriving high-level sleep data, e.g., sleep stages from the physiological sensor data is a complex data analysis task. Second, the users are ordinary people who want to get a more analytical feeling or their sleep, not sleep doctors specialized in reading hypnograms (charts of sleep stages) and actigrams (charts of movements).
The main contribution of this paper is to propose data musicalization as a tool to aid data analysis and understanding. The proposed methodology, called Sleep Musicalization, consists of non-trivial data analysis methods for sleep analysis on one hand, and of automatic composition of music from the sleep analysis results on the other hand. For instrumentation, we use a modern, commercially available mattress sensor 1 that can be used to detect sleep stages as well as respiration, heart rate and movements. We have described these sleep analysis methods in detail elsewhere [1, 2] and in this paper we just give a brief overview of them.
Based on the sleep information, a piece of music is automatically composed. The goal is that the music reflects the structure of sleep during the night and gives the user a feeling of her sleep. We give stochastic composition algorithms to produce the harmony, melodies, and rhythm of music, based on musicological principles. Their novelty is not as much in the quality of the music per se as in making the composition reflect the given attributes of sleep.
We have set up a web service, http://sleepmusicalization.net, that supports end-to-end sleep analysis and musicalization. This service also allows us to test the approach with real end users. Some example compositions shared by the users of the service are publicly available. This paper is structured as follows. We start by reviewing background and related work in Section 2. The methods we use for both sleep data analysis and automatic composition are described in Section 3. We discuss the methods and initial results in Section 4. Section 5 contains concluding remarks. An appendix contains informal definitions of some musical terms.
Background and Related Work

Sleep Measurement
The aim of medical sleep measurement is to divide sleep into sleep stages and diagnose various sleep disorders. The standard method for measuring sleep stages for medical purposes is polysomnography, which involves attaching biopotential electrodes to the head. Based on the measured signals, sleep can be divided into five sleep stages: wakefulness, REM (rapid eye movement) sleep and three categories of non-REM sleep: N1, N2 and N3 [3] . Stages N1 and N2 are called light sleep and N3 deep sleep. The classification into sleep stages, also known as scoring, is normally done manually by a trained sleep technician. Additional
